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The mammalian arcuate nucleus (ARC) houses neurons critical for energy homeostasis and sexual ma-
turation. Proopiomelanocortin (POMC) and Neuropeptide Y (NPY) neurons function to balance energy
intake and Kisspeptin neurons are critical for the onset of puberty and reproductive function. While the
physiological roles of these neurons have been well established, their development remains unclear. We
have previously shown that Notch signaling plays an important role in cell fate within the ARC of mice.
Active Notch signaling prevented neural progenitors from differentiating into feeding circuit neurons,
whereas conditional loss of Notch signaling lead to a premature differentiation of these neurons. Pre-
sently, we hypothesized that Kisspeptin neurons would similarly be affected by Notch manipulation. To
address this, we utilized mice with a conditional deletion of the Notch signaling co-factor Rbpj-κ (Rbpj
cKO), or mice persistently expressing the Notch1 intracellular domain (NICD tg) within Nkx2.1 expressing
cells of the developing hypothalamus. Interestingly, we found that in both models, a lack of Kisspeptin
neurons are observed. This suggests that Notch signaling must be properly titrated for formation of
Kisspeptin neurons. These results led us to hypothesize that Kisspeptin neurons of the ARC may arise
from a different lineage of intermediate progenitors than NPY neurons and that Notch was responsible
for the fate choice between these neurons. To determine if Kisspeptin neurons of the ARC differentiate
similarly through a Pomc intermediate, we utilized a genetic model expressing the tdTomato ﬂuorescent
protein in all cells that have ever expressed Pomc. We observed some Kisspeptin expressing neurons
labeled with the Pomc reporter similar to NPY neurons, suggesting that these distinct neurons can arise
from a common progenitor. Finally, we hypothesized that temporal differences leading to premature
depletion of progenitors in cKO mice lead to our observed phenotype. Using a BrdU birthdating para-
digm, we determined the percentage of NPY and Kisspeptin neurons born on embryonic days 11.5, 12.5,
and 13.5. We found no difference in the timing of differentiation of either neuronal subtype, with a
majority occurring at e11.5. Taken together, our ﬁndings suggest that active Notch signaling is an im-
portant molecular switch involved in instructing subpopulations of progenitor cells to differentiate into
Kisspeptin neurons.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The hypothalamus is a key mediator of many homeostatic
functions in mammalian physiology (Brooks, 1988). In humans and
rodents, it has been linked to regulation of water balance, energy
balance, thermal regulation, reproductive function, body size,
stress and others (Epelbaum, 1992; McCann et al., 1994; Rothwell,
1994; Becu-Villalobos and Libertun, 1995; Stratakis and Chrousos,
1995; Bing et al., 1996). In order to perform such a wide array of
functions, this region of the brain is separated into subsets of-Champaign, 542 Burrill Hall,
ax: þ1 217 3331133.
etzman).neurons, called nuclei, which signal through distinct neuropep-
tides produced by specialized neuronal subtypes (Swaab et al.,
1993). One nucleus, the arcuate nucleus (ARC), has classically been
characterized as the “feeding center” of the brain (Swaab et al.,
1993). This function is carried out by the antagonistic actions of
anorexigenic Proopiomelanocortin (POMC) and orexigenic Neu-
ropeptide-Y (NPY)/Agouti-related Peptide (AgRP) neurons (Cowley
et al., 2001; Luquet et al., 2005). These neuronal subsets interact
not only with each other, but send projections to other areas of the
brain (Wang et al., 2015). Aside from regulating energy home-
ostasis, the ARC also has a population of Kisspeptin expressing
neurons (Gottsch et al., 2004). Kisspeptin neurons have been
suggested to play a role in puberty onset and reproductive func-
tion by communicating with Gonadotropin-releasing hormone
(GnRH) neurons and acting as a pulse generator for the release of
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(Irwig et al., 2004; Li et al., 2009). There are at least two other
neuron populations found within the ARC as well, one expressing
Growth Hormone Releasing Hormone (GHRH) and the other Tyr-
osine Hydroxylase (TH) (Balan et al., 1996; Romero and Phelps,
1997). Despite the differences in peptide content and function,
ARC neurons likely all arise from a common pool of progenitor
cells in the developing diencephalon (Yee et al., 2009). The exact
molecular pathways that allow a progenitor to create these neu-
rons of distinct fates are still largely unknown. Importantly, ge-
netic disorders that affect early development of the hypothalamus,
can result in life-long deﬁciencies that persist into adulthood. For
example, many of the phenotypes observed in Prader–Willi pa-
tients are regulated by neurons found within the ARC (Ge et al.,
2002). Namely, hyperphagy may be modulated by the POMC and
NPY expressing population of neurons within the ARC, whereas
the Kisspeptins of the ARC may be contributing to the observed
infertility and hypogonadism. This example highlights the im-
portance of understanding neural development and the genes
responsible for differentiation of each neuronal subtype within the
hypothalamus.
Neurogenesis and development of the ARC begins as early as
embryonic day 10.5 (e10.5) (Shimada and Nakamura, 1973; McNay
et al., 2006). Previous reports have shown that in the mouse a
great deal of the neurogenesis speciﬁcally within the ARC occurs in
a very narrow window, and by e16.5 all the cellular subtypes
within the ARC are present (Alvarez-Bolado et al., 2012; Ishii and
Bouret, 2012). Progenitor cells contributing to the ARC are housed
within the hypothalamic ventricular zone (HVZ) where they re-
ceive cues to rapidly proliferate and remain undifferentiated (Ye
et al., 2009). When progenitors are cued to differentiate, they will
become post-mitotic and migrate out into the peripheral ARC
where they will then begin expressing their unique neuropeptides
(McClellan et al., 2008). A number of early patterning genes have
been deﬁned in the developing anterior diencephalon (Shimogori
et al., 2010). Speciﬁcally, Nkx2.1 is expressed broadly throughout
the ventral border of the anterior hypothalamus corresponding
with the tissue of the presumptive ARC (Nakamura et al., 2001).
Following pattern speciﬁcation, progenitors will begin differ-
entiating into their respective mature cellular subtypes. It is be-
coming increasingly clear that each neuronal population is de-
pendent on a distinct set of developmental factors. For instance,
studies have shown the necessity for Ngn3 in the development of
both POMC and NPY neurons (Pelling et al., 2011). Similarly, Gsh1
is critical for the formation of GHRH neurons (Li et al., 1996). Al-
though few early markers of the developing ARC have been un-
covered (Kimura et al., 1996; Wang and Lufkin, 2000; Cremona
et al., 2004), the factors involved in the selection of a Kisspeptin
fate remain largely unknown. Similarly, the lineage pathways
shared between each neuronal subtype involved in maintaining
energy balance and other homeostatic functions regulated by the
ARC have yet to be uncovered.
The Notch signaling pathway is an evolutionarily conserved
signaling pathway found throughout the developing embryo
(Kortschak et al., 2001; Schroder and Gossler, 2002). In general,
Notch signaling is a cell-to-cell dependent pathway by which a cell
expressing one of the several Notch receptors receives a signal
from a neighboring cell presenting a Notch ligand (Shimizu et al.,
2000). Upon activation, the Notch intracellular domain (NICD)
undergoes a series of cleavage events and will eventually trans-
locate to the nucleus, where it will complex with a number of
cofactors to initiate transcription (Struhl and Adachi, 1998). The
most important factor is RBPJ-κ (Drosophila CBF1 (Olave et al.,
1998)), which allows the activated complex to bind DNA and
promote gene transcription (Nam et al., 2003). Notch signaling is
implicated in two major steps in the progression of differentiation.First, as seen in the brain, liver, and other tissues, active Notch
signaling is important in the decision of a progenitor cell to remain
in a progenitor-like state or to exit the cell cycle and undergo
differentiation (Qu et al., 2013; Bhat, 2014; Wang et al., 2014).
However, Notch signaling is also important in selecting fates of
cells which have begun differentiation. As seen in the immune
system, active Notch signaling instructs intermediate hematopoi-
etic stem cells to differentiate into immature T-lymphocytes and
inhibits formation of B-lymphocytes (De Obaldia et al., 2013;
Ayllon et al., 2015). Indeed, work from our lab and others has
shown that Notch components as well as active downstream
components of signaling are present in the presumptive hy-
pothalamus (Casarosa et al., 1999; Aujla et al., 2013). We have
previously shown that RBPJ-κ mediated Notch signaling is im-
portant for maintenance of ARC progenitors in the HVZ and plays a
role in repressing the canonical pro-neural gene Mash1 expressed
within the ARC (Aujla et al., 2013). Conversely, loss of Rbpj-κ
mediated Notch signaling leads to a premature burst of differ-
entiation during early development, resulting in greater numbers
of POMC and NPY neurons at e18.5.
The overall goal of this study is to provide further insight into
how different neuronal subtypes of the ARC are speciﬁed from a
common progenitor pool of the HVZ. Speciﬁcally, we hypothesized
that the Notch signaling pathway would be involved in differ-
entiation of Kisspeptin neurons of the ARC, and this neuronal
subtype would arise from a common Pomc expressing inter-
mediate progenitor cell. Utilizing both loss- and gain-of-function
models, we have conditionally knocked out the RBPJ-κ component
of the active Notch signaling complex (Rbpj cKO) or persistently
expressed the constitutively active Notch1 intracellular domain
(ICD) (NICD tg) within Nkx2.1 expressing cells in the developing
ventral hypothalamus (Murtaugh et al., 2003; Tanigaki et al.,
2004). In both models by which Notch signaling has been ma-
nipulated, a drastic reduction in Kisspeptin neurons occurs within
the ARC. This suggests that persistent Notch signaling prevents
neurogenesis irrespective of neuronal subtype; however, active
Notch signaling is also important to instruct an immature neuron
to adopt a Kisspeptin fate. This is not due to a differential timing of
Kisspeptin neuron birth with respect to NPY neurons, and thus is
not the result of progenitor depletion prior to Kisspeptin neuro-
genesis. Further, lineage tracing experiments have uncovered that
a subset of Kisspeptin neurons of the ARC do indeed develop
through a Pomc expressing intermediate progenitor, similar to NPY
neurons. These ﬁndings taken together would suggest that Rbpj-κ
dependent Notch signaling may be an important molecular switch
to instruct early and/or intermediate progenitor cells to adopt the
Kisspeptin identity.2. Materials and methods
2.1. Mice
Rbpj-κ conditional knock-out (cKO) mice or Notch1 intracellular
domain constitutively active (NICD tg) mice were generated using
established genetic mouse models. Rbpjtm1Hon (Rbpj-κ ﬂoxed) mice
provided by Dr. Tasuku Honjo (Kyoto University, Japan) (Tanigaki
et al., 2004) or Gt(ROSA)26Sortm1(Notch1)Dam/J (RosaNotch1ICD ﬂoxed
mice) (Murtaugh et al., 2003) purchased from Jackson Laboratories
(Bar Harbor, ME, USA) were bred to C57BL/6J-Tg(Nkx2-1-cre)2Sand/J
(Nkx2.1-cre) mice (Xu et al., 2008) purchased from Jackson Labora-
tories to generate Rbpj cKO and NICD tg mice, respectively. Lineage-
tracing experiments to determine the origin of NPY and Kisspeptin
neurons were performed by mating Tg(Pomc1-cre)16Lowl/J (Pomc-
cre) mice purchased from Jackson Laboratories (Bar Harbor, ME, USA)
(Balthasar et al., 2004) to B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J
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Jackson Laboratories. Prior to pairings for experiments, Pomc-cre
mice were back-crossed one generation onto a CD-1 background
(Charles River Laboratories, USA). For birthdating studies, timed
pregnant CD-1 mice were generated. Unless otherwise noted, both
sexes of mice were used for data analysis. To genotype, tail biopsies
were collected and DNAwas extracted either via salt-out or HotSHOT
method (Miller et al., 1988; Truett et al., 2000). PCR was performed
on DNA utilizing primer sets previously described or from Jackson
Laboratory’s online database (Tanigaki et al., 2004; Goldberg et al.,
2011). Breeding colonies were maintained in a facility with a 12-h
light/dark cycle at the University of Illinois at Urbana Champaign
(UIUC). All protocols were approved by the UIUC Institutional Animal
Care and Use Committee.
2.2. Tissue collection
Rbpjﬂ/ﬂ; Nkx2.1-creþ /þ (Rbpj control), Rbpjﬂ/ﬂ; Nkx2.1-creþ /cre
(Rbpj cKO), RosaNotch1ICD/þ; Nkx2.1-creþ /þ (NICD control),
RosaNotch1ICD/þ; Nkx2.1-creþ /cre (NICD tg) and CD-1 mice were
collected on the day of birth (p0) and ﬁxed overnight at 4 °C in
3.7% formaldehyde solution (Sigma-Aldrich, USA) diluted in
phosphate-buffered saline (PBS). Tissue was then dehydrated
through graded ethanols, methyl salicylate, and embedded in
parafﬁnwax. 6 μm serial coronal sections were collected and three
sequential sections were mounted on charged slides for histolo-
gical analysis. Pomc-creþ /cre; RosatdTomato/þ pups were collected at
p0, ﬁxed overnight at 4 °C in 4% paraformaldehyde (PFA) (Fisher
Scientiﬁc, USA) dissolved in PBS, cryoprotected at 4 °C in 30% su-
crose solution in PBS and then snap frozen in O.C.T compound
(TissueTek, CA, USA). 10 μm serial coronal sections were collected
and mounted on charged slides for histological analysis. Rbpj
control and cKO brains collected at p35 were collected from mice
perfused with 4% PFA and frozen in an identical fashion as de-
scribed above.
2.3. BrdU injections for birthdating
CD-1 female and male mice were bred together and plugs were
checked every morning at 0900 h. 1200 h on the day a plug was
observed was considered e0.5. Pregnant dams were injected once
intraperitoneally with 5-Bromo-2-deoxyuridine (BrdU) (Sigma-
Aldrich, MO, USA), 0.1 mg/g body weight, on either e11.5, e12.5, or
e13.5 at 1030 h. Cages were then checked daily at 1200 h and pups
were collected on the day of birth for histological analysis.
2.4. Immunohistochemistry
Immunohistochemistry was performed as previously described
by our lab (Aujla et al., 2013). Brieﬂy, sections were deparafﬁnized,
washed, and boiled in citrate solution (10 μM, pH 6.0). Following
antigen retrieval, slides were blocked in blocking solution (5%
normal donkey serum, 3% bovine serum albumen and 0.5% Triton-
X100 diluted in sterile PBS). For peptides detected utilizing tyr-
amide signal ampliﬁcation (TSA) (Perkin Elmer, MA, USA) (Wang
et al., 1999), slides were instead blocked in TNB blocking solution
composed of 0.1 M Tris–HCl, 0.15 M NaCl, and 0.5% TSA Blocking
Reagent diluted in sterile ddH2O (pH 7.5). Frozen sections were
thawed, ﬁxed for 10 min in 4% PFA, washed in PBS, and blocked
with identical solutions. Following blocking, antibody was in-
cubated on tissue sections overnight at 4 °C diluted in appropriate
blocking solution. Primary antibodies used were raised against the
following peptides: Neuropeptide Y (1:5000; Peninsula Labs, CA,
USA), Tyrosine Hydroxylase (AB152 1:1500; Millipore, MA, USA)
and BrdU (1:150; BD Biosciences, CA, USA), Kisspeptin was de-
tected by either with antibody AC053 (1:1500, a kind gift fromDr. Isabelle Franceschini, (Franceschini et al., 2013)) or Kp10
(AB9754 1:500; Millipore, MA, USA). Slides were then incubated
with biotin-conjugated rabbit (NPY, TH, Kp10), mouse (BrdU), or
sheep (AC053) secondary antibody diluted in appropriate blocking
solution for one hour at room temperature. Slides were washed
and incubated with either streptavidin conjugated Cy3 or Cy2.
Secondary and tertiary antibodies were purchased from Jackson
ImmunoResearch (PA, USA) and all were used at a concentration of
1:200. Following biotinylation, slides used to detect Kisspeptin
using AC053 were conjugated to streptavidin–HRP (1:100) and
then incubated with Cyanine-3 within the manufacturer’s TSA kit
(Perkin Elmer, MA, USA) according to the supplied TSA protocol.
Slides were mounted with mounting media containing 4′,6-dia-
midino-2-phenylindole (DAPI, 1:1000; Sigma-Aldrich, MO, USA).
Slides were then visualized at either 100 or 200 using a Leica
DM2560 microscope or at 400 using a Leica DMI4000B confocal
microscope. Images were taken using a Retiga 2000R color camera
and acquired using Q-Capture software (Q-Imaging, Surrey,
Canada). Images were processed using Adobe Photoshop CS6
(Adobe, CA, USA) and cell counts were quantiﬁed using ImageJ
software (NIH, MA, USA).
2.5. In situ hybridization
In situ hybridization was also performed as previously de-
scribed by our lab (Aujla et al., 2015). Brieﬂy, slides were depar-
afﬁnized, washed, permeabilized, digested with Proteinase-K,
acetylated, and incubated in hybridization solution (at 64 °C for
Pomc or 55 °C for Kiss1). Probes for either Pomc (1:200; a kind gift
from Dr. Malcom Low (Japon et al., 1994)) or Kiss1 (1:100; a kind
gift from Dr. Alexander Kauffman (Gottsch et al., 2004)) were
linearized with appropriate enzymes and transcribed with poly-
merase in the presence of digoxigenin-labeled nucleotides. La-
beled probes were denatured for 3 min and incubated overnight at
hybridization temperature. Slides were then washed in 50% 0.5
formamide solution, washed in 0.5 sodium citrate, and blocked
in ISH blocking solution (10% heat-inactivated sheep serum, 2%
bovine serum albumen and 0.1% Triton-X100 in Tris-buffered sal-
ine). Following blocking, slides were incubated with anti-digox-
igenin (1:500, Roche, IN, USA) antibody diluted in ISH block. Slides
were then washed in Tris-buffered saline (pH 7.5, then pH 9.5) and
incubated for 12–36 h in NBT/BCIP developing solution (1:50;
Roche, IN, USA). Samples were visualized identically to im-
munohistochemical stains and processed using the same software.
2.6. Identiﬁcation of arcuate nucleus of the hypothalamus at p0 and
p35 for cell counts
The location of the ARC at p0 and p35 in cKO mice was de-
termined by the presence of NPY- or Pomc-positive neurons. At p0,
4 slides separated by roughly 50 μm spanning 250 μm of the ARC
were stained with either NPY or Pomc. At p35, the ARC was
identiﬁed in a similar fashion; however 4 slides separated by
roughly 120 μm, spanning 500 μm were stained. Slides were
chosen according to Bregma 2.15.
Kiss1 positive neurons of the ARC in female mice at p0 were
quantiﬁed by staining slides adjacent to those used for identiﬁ-
cation. Four slides spanning the ARC were hybridized with Kiss1
riboprobe. Each section was individually quantiﬁed and sections of
the same slide were averaged together. Averages of each slide were
summated for each animal to determine a representative amount
of Kiss1-neurons spanning the rostrocaudal extent of the ARC.
Control littermates for Rbpj cKO (n¼4) and NICD tg mice (n¼3)
were compared in order to remove the possibility of genetic
background difference as a confounding factor. Total Kiss1 counts
between animals were then averaged and the standard error of the
Fig. 1. Both loss and persistent expression of Notch signaling results in a reduction in Kisspeptin expression. Coronal sections at p0 of both control female (A) and male
(D) mice show robust Pomc expression lateral to the 3 V dispersed through the ARC. Rbpj cKO female (B) and male (E) mice show a more disperse Pomc expression pattern
and loss of the HVZ. NICD persistent expressor female (C) and male (F) mice show an expanded third ventricle (3 V) and HVZ and block of neural differentiation. Kisspeptin
expression for both female (G) and male (J) mice appears more modest and restricted more laterally than Pomc to the 3 V. Both sexes show a visual reduction in Kisspeptin
expression in both Rbpj cKO (H, K) and NICD tg (I, L) mice. Image magniﬁcation¼100 . n¼3–4. Scale bar¼50 μm.
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was performed in Microsoft Excel with an alpha of 0.05 set to
determine signiﬁcance.
2.7. Cell counts for lineage tracing and birthdating studies
Lineage tracing studies were quantiﬁed similarly as described
above: 4 slides separated by roughly 90 μm containing 3 serial
sections spanning the rostrocaudal extent of the ARC of female
mice were stained and quantiﬁed. Due to the inherent properties
of the ﬂuorescent reporter, only staining for NPY or Kisspeptin was
necessary. Kisspeptin slides were stained ﬁrst, and then the ad-
jacent slide to each was stained with NPY. Pups were collected
across multiple litters and females were used due to higher levels
of Kisspeptin at p0.
Birthdating studies were quantiﬁed identically to Kiss1 counts
in female mice as described above. However, slides were co-
stained with Kisspeptin/BrdU, and the subsequent slide from the
same animal was co-stained with NPY/BrdU. We deﬁned the ARC
as a roughly 0.018 mm3 volume lateral to both sides of the third
ventricle (3 V) encompassing nearly all Kisspeptin and NPY neu-
rons. Both sides lateral to the 3 V were quantiﬁed and summated,
then averaged with other sections present on the same slide. Four
slides from each animal were summated and averaged with other
animals within each age group.
2.8. Identiﬁcation of the rostral periventricular area of the third
ventricle/anteroventral periventricular nucleus of the hypothalamus
at p35 in Rbpj cKO mice
The location of the RP3V/AVPV in p35 cKO mice was de-
termined by the presence of the optic chiasm and TH-positive
neurons. For RP3V/AVPV identiﬁcation, 5 slides separated by
roughly 120 μm spanning approximately 630 μm were stained
with TH or Kisspeptin to ensure both the RP3V and AVPV wererepresented for analysis. Slides were chosen according to 0.23 of
Bregma.
2.9. Breeding studies and vaginal cytology for female cyclicity
6-week old Rbpj control or cKO males or females were paired
with age-matched CD-1 mates of proven reproductive success.
Control and cKO mice were coded and blinded to researchers until
the experiment was completed. Mice were paired for one week
and then separated and housed individually for 3 weeks to allow
gestation if a successful mating had occurred. After 3 weeks, litters
and number of pups per litter were recorded and pups were re-
moved from females. One week following removal of pups, mice
were set up again with different counterpart mates and the
breeding was repeated for a second trial. Results of the ﬁrst mating
are displayed in Fig. 7. Following breeding studies, vaginal smears
from control and cKO mice were collected for 14 consecutive days
to assess cyclicity. Diestrus was deﬁned as the presence of nearly
all leukocytes, proestrus/metestrus was deﬁned as the presence of
a large mixture of leukoctyes and nucleated epithelial cells, and
estrus was deﬁned as the presence of nearly all corniﬁed epithelial
cells.3. Results
3.1. Loss of Rbpjκ and persistent Notch1 expression both reduce
Kisspeptin neuron number within the ARC
Previous work in our lab has shown that manipulation of Notch
signaling was able to alter the number of Pomc and NPY expressing
neurons of the ARC (Aujla et al., 2013). Persistent expression of
Notch signaling blocked neuronal differentiation of these two
mature subtypes, whereas a loss of Rbpj-κ lead to a premature
burst of differentiation. To determine the effect on Kisspeptin
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lar mouse models were utilized by which either Rbpj-κ was con-
ditionally knocked out (Rbpj cKO) or the Notch1 intracellular do-
main was persistently expressed (NICD tg) in Nkx2.1-positive cells
of the ventral hypothalamus. To ensure that the observations
previously made at e13.5 and e18.5 persisted into the ﬁrst post-
natal day of life (p0), Pomc expression was visualized by in situ
hybridization in both female and male mice. Consistent with
previous ﬁndings, both female and male control mice (Fig. 1A, D
respectively) showed robust Pomc expression in the ARC. Rbpj cKO
mice showed a collapse in the HVZ paralleling observations made
at e18.5 and showed random disbursement of Pomc neurons
through this region in female and male mice (Fig. 1B, E respec-
tively) as a result of this morphological disruption. Finally, the
persistent NICD expressor model follows a similar trend observed
at e18.5 such that Pomc expression appears absent in both females
(Fig. 1C) and males (Fig. 1F).
Other neuronal subtypes of the ARC explored previously fol-
lowed a similar trend; however, Kisspeptin neurons were not ex-
amined. Since Kisspeptin neurons are similarly found within the
ARC, we hypothesized that manipulating Notch signaling would
also affect their fate. Compared to the robust Pomc expression in
the ARC in both female and male mice, Kisspeptin peptide ex-
pression in females (Fig. 1G) and males (Fig. 1J) was much less
pronounced and less dispersed throughout the ARC in control
mice. Surprisingly, Rbpj cKO females (Fig. 1H) and males (Fig. 1K)
both showed virtually no detectable Kisspeptin cell bodies nor
labeled ﬁbers within the ARC region containing Pomc neurons.
Interestingly, Kisspeptin expression in NICD tg mice was also ab-
lated in female (Fig. 1I) and male (Fig. 1L) mice at p0. In order to
quantify the reduction of Kisspeptin expression in both of our
Notch manipulations, cell bodies of Kiss1-positive neurons were
detected utilizing in situ hybridization. Previous work has shown
that Kiss1 expression within the ARC is downregulated by circu-
lating sex steroids (Smith et al., 2005). Given the prenatal testos-
terone surge experienced by male pups (Poling and Kauffman,
2012), females were exclusively quantiﬁed since peptide expres-
sion appeared nearly identical between the sexes (Fig. 1G, J). Par-
alleling Kisspeptin peptide expression, Kiss1mRNA expression was
far less robust than Pomc expression and less disperse throughout
the ARC in control mice (Fig. 2A, D). A noticeable rostrocaudal
gradient was also observed, consistent with previous reports
(Knoll et al., 2013) (Fig. 2C, F). Similar with Kisspeptin protein
observation in Rbpj cKO mice, Kiss1 expression showed an obviousFig. 2. Quantiﬁcation of Kiss1-positive neurons of the ARC. (A) Kiss1 neurons detected
reduction in Kiss1 expression, however positive neurons were consistently observed (a
within control Rbpj mice, and very few cells are detected in Rbpj cKO mice. (D) Control
mice. (E) NICD tg mice show very few positive Kiss1 cells. (F) Similar to Rbpjmice, NICD co
virtually no detectable cells. Image magniﬁcation¼100 . n¼3–4. Scale bar¼50 μm. *Pvisual reduction throughout the entire rostrocaudal extent of
the ARC, labeling very few Kiss1-positive cells (Fig. 2B, C). Also
paralleling protein levels in NICD tg mice, virtually no Kiss1-po-
sitive cells were detected throughout the ARC (Fig. 2E, F). Upon
quantiﬁcation, we conﬁrmed a reduction of Kiss1-positive neurons
that exceeded 90% (42.571.2 cells vs. 3.671.0 cells,
Po3.1107, n¼4) in Rbpj cKO mice and an even more drastic
reduction in NICD tg mice, exceeding 98% (42.370.3 cells vs.
0.6770.4 cells, Po1.1107, n¼3) compared to their respective
littermate controls (Fig. 2C, F). Taken together, these results further
conﬁrm that active Notch signaling must be extinguished in order
for all neuronal subtypes of the ARC to differentiate. Interestingly,
these ﬁndings may also suggest that Notch signaling may be ne-
cessary to instruct a subset of progenitor cells towards a mature
Kisspeptin fate.
3.2. POMC, NPY, and Kisspeptin neurons share common lineages
throughout development
It has been well-established that an appreciable number of
mature NPY neurons arise from a common intermediate pro-
genitor cell which expressed Pomc at some point during its ma-
turation (Padilla et al., 2010). In Rbpj cKO mice, there is an in-
creased number of Pomc and NPY expressing neurons of the ARC
arising from this common intermediate lineage; however there is
a near absence of Kisspeptin neurons (Aujla et al., 2013) (Fig. 1). A
possible explanation for the observed reduction of Kisspeptin/
Kiss1 expression is that Notch signaling may act as a fate switch
from a Pomc expressing lineage versus a Kisspeptin expressing
lineage of neurons. In order to address this hypothesis, we bred
Pomc-cre mice to RosatdTomato ﬂoxed to ﬂuorescently label all cells
of the ARC which expressed Pomc during some point of their de-
velopment. This well characterized technique labels not only ma-
ture Pomc expressing neurons, but also any other neuronal sub-
type present within the ARC which had progressed through a Pomc
expressing intermediate (Padilla et al., 2012). Combining this in-
herently ﬂuorescent label with immunohistochemistry, we were
able to determine the proportion of mature NPY and Kisspeptin
expressing neurons of the ARC. It is clear that many NPY neurons
(55.870.7%; n¼3) double-label with our tdTomato reporter pro-
tein, suggesting that many neurons involved in energy home-
ostasis indeed arise from a common Pomc expressing immature
progenitor cell, conﬁrming what has been previously reported
(Padilla et al., 2012) (Fig. 3A). It is important to note that in ourby in situ hybridization in control female mice.. (B) Rbpj cKO mice show a drastic
rrows). (C) Quantiﬁcation of Kiss1 positive neurons shows a rostrocaudal gradient
littermates to NICD tg mice show a similar Kiss1 expression pattern to Rbpj control
ntrol mice show a rostrocaudal gradient of Kiss1 expression and NICD tg mice show
o0.05. P-value¼3.1107 for Rbpj cKO and 1.1107 for NICD tg.
Fig. 3. Both NPY and Kisspeptin neurons arise from a common Pomc lineage.
(A) 200 magniﬁcation of the ARC. Many NPY-positive neurons of the ARC (green)
also co-label with the ﬂuorescent tdTomato reporter. (B) 800 confocal micro-
scopy reveals that while many NPY-positive neurons label with the reporter protein
(white arrowheads), a number of NPY-positive cells are not tdTomato positive
(black arrowheads). (C) 200 magniﬁcation also reveals that a subset of Kis-
speptin-positive neurons (green) label with the tdTomato reporter. (D) 800
confocal microscopy reveals that some Kisspeptin cells label with the reporter
(white arrowheads), while many positive neurons do not (black arrowheads). n¼3.
Scale bar in C¼50 μm, D¼25 μm.
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tdTomato protein (Fig. 3B, white arrowheads), a number of NPY
expressing neurons do not express the tdTomato ﬂuorescent pro-
tein (Fig. 3B, black arrowheads), many of which in fact lie more
distal from the third ventricle. Interestingly, we found Kisspeptin
positive neurons (18.071.3%; n¼3) within the ARC also double-
labeled with the tdTomato ﬂuorescent protein (Fig. 3C), indicating
that an appreciable number of the Kisspeptin population indeed
do arise from an immature Pomc progenitor. Similar to our ob-
servation for NPY neurons, some Kisspeptin positive cells retainFig. 4. NPY neurogenesis within the ARC occurs between e11.5 and e12.5. (A) Single BrdU
of birth (p0) and histology was performed. BrdU distribution when exposed at e11.5 (B) o
(N, O). When exposed at e13.5 (J), a rostrocaudal gradient was observed and far fewer ce
the ventromedial region of the ARC at p0 in each of the days of embryonic exposure to B
to be born on e11.5 (D) and e12.5 (H); however few, if any, appeared to differentiate o
neurons (white arrowheads) and some BrdU negative NPY neurons (black arrowheads)
double-labeled neurons show that most of the neurogenesis occurs at e11.5–e12.5 an
M¼800 . n¼3. Scale bar in L¼50 μm, M¼10 μm.the tdTomato protein (Fig. 3D, white arrowheads), but many do
not double-label with the tdTomato reporter (Fig. 3D, black ar-
rowheads). Though fewer in number, certainly a signiﬁcant num-
ber of Kisspeptin neurons seem to differentiate along a similar
pathway as mature NPY neurons. These data would suggest that
multiple neuron types found within the ARC can share a common
Pomc expressing intermediate, and that Notch signaling is an im-
portant molecular switch involved in instructing progenitors of
the HVZ and intermediate progenitors to differentiate into Kis-
speptin neurons.
3.3. Both NPY and Kisspeptin neurons differentiate as early as e11.5
Next, we determined if the reason we observed differences at
p0 in Pomc versus Kisspeptin/Kiss1 expression in Rbpj cKO mice
was that feeding circuit neurons differentiated earlier in devel-
opment, followed by a second wave of Kisspeptin neurogenesis.
We hypothesized that if neurogenesis occurred in a sequential
manner, the progenitor pool of the HVZ would be completely
depleted before Kisspeptin differentiation begins. Previous work
by Ishii and Bouret (2012) has suggested that the peak of neuro-
genesis within the ARC is e12.5. However, their studies birthdated
neurons every other day of development and did not speciﬁcally
look at unique markers of speciﬁc neuronal subtypes. While these
previous studies have proven to be helpful in narrowing a window
to determine when neurogenic events occur within the ARC, they
failed to determine the timing of birth of the many subpopulations
of neurons within the ARC.
We ﬁrst examined neurogenesis at e11.5, the earliest time point
not explored during Ishii and Bouret's birthdating experiments.
Previous work by Padilla et al. (2010) reported that a subset of
neurons indeed exit the cell cycle this early in development. We
observed strong BrdU signal extending the entire rostrocaudal
extant of the ARC as well as a relatively uniform distribution lat-
eral to the third ventricle when examined at p0 (Fig. 4B, N). Vi-
sualization of NPY also revealed uniform expression through the
rostrocaudal extant of the ARC; however neurons appeared mainlyinjection paradigm on either e11.5, e12.5, or e13.5. Pups were collected on the day
r e12.5 (F) appeared abundant and relatively evenly distributed throughout the ARC
lls retained the BrdU label (P). (C, G, K) NPY distribution was uniform throughout in
rdU. (D, H, L) A number of neurons visually double-labeled with BrdU and appeared
n e13.5 (L). (E, I, M) 800 magniﬁcation clearly shows several BrdU positive NPY
when injected at e11.5 (E) and e12.5 (I), but few at e13.5 (M). (Q) Quantiﬁcation of
d sharply declines by e13.5. Image magniﬁcation for B–D, F–H, J–L¼200 , E, I,
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Upon overlaying images, we observed many cells labeling with
both BrdU and NPY (Fig. 4E, white arrowheads), and upon quan-
tiﬁcation we determined that 31.570.2% (n¼3) of NPY neurons
double-labeled (Fig. 4Q).
We followed these observations up by determining the per-
centage of NPY neurons born at e12.5. Similar to the ﬁndings of
Ishii and Bouret, we noted heavy labeling of BrdU throughout the
whole extent of the ARC at p0 and an appreciable amount of NPY
neurons double-labeled with BrdU (Fig. 4I, O). Quantiﬁcation re-
vealed that 25.672.6% (n¼3) of NPY neurons were born at e12.5
(Fig. 4Q), and combined with our ﬁndings from our e11.5 birth-
dating, we have accounted for a large number of NPY neurogenesis
with our single-injection paradigm.
Since previous work has shown that by e14.5, neurogenesis in
the ARC is nearly complete, we chose to check e13.5 as our ﬁnal
observation to determine if neurogenesis is still occurring. At this
time point, we observed a rostrocaudal gradient of BrdU at p0,
with many more BrdU-positive cells present in the more caudal
regions of the ARC (Fig. 4J, P). Visually few, if any, NPY-positive
neurons co-expressed BrdU (Fig. 4M, white arrowheads). Indeed,
upon quantiﬁcation we determined that 2.071.2% (n¼3) of NPY
neurons are born at e13.5 (Fig. 4Q). Taken together, these ﬁndings
have revealed that neurogenesis of NPY-positive cells begins at
least by e11.5 and is tapering off by e13.5.
Using our previous ﬁndings of the timeline of NPY develop-
ment within the ARC, we were then able to determine if Kisspeptin
neurons developed along a similar progression. One possible ex-
planation for loss of Kisspeptin/Kiss1 in Rbpj cKO mice is that the
majority of these neurons are born at either e12.5 or e13.5, later
than their NPY counterparts. If there is a subtle delay present, it is
possible the premature burst of Pomc/NPY neurogenesis would
have depleted the progenitor pool completely, leaving no pre-
cursors remaining to become Kisspeptin neurons. These experi-
ments are equally interesting regardless, as the earliest reports of
Kisspeptin or Kiss1 expression are e13.5 within the presumptive
ARC of the mouse and the birthdate of Kisspeptin neurons have
only been well-characterized in the rat (Desroziers et al., 2012;Fig. 5. Kisspeptin neurogenesis also occurs between e11.5 and e12.5 within the ARC. (A
within the ARC. Injections occurred on either e11.5, e12.5 or e13.5 and pups were colle
birthdating NPY neurons. (C, G, K) Kisspeptin expression appeared to be more localize
observations made when birthdating NPY neurons, a number of Kisspeptin neurons diff
(L). (E, I, M) 800 magniﬁcation clearly shows several BrdU positive Kisspeptin neurons
e13.5 (M). BrdU negative Kisspeptin neurons were also detected at all ages of injection (b
peaking between e11.5 and e12.5, and sharply declining by e13.5. Image magniﬁcation¼Kumar et al., 2014).
Given that the same animals were used to birthdate Kisspeptin
neurogenesis, BrdU labeling patterns appeared identical to NPY
double-stains (Fig. 5B, F, J, N, O, P). Paralleling our experimental
design to birthdate NPY neurons of the ARC, we ﬁrst examined
Kisspeptin birth at e11.5. Similar to what was observed when
characterizing the ARC of our Rbpj control and cKO mice (Fig. 2),
we noticed a rostrocaudal gradient of Kisspeptin expression,
showing more Kisspeptin-positive neurons in the caudal regions of
the ARC. It is also important to note that Kisspeptin expression was
mainly restricted more laterally and dorsally than NPY expression
(Fig. 5C, G, K). When we explored dual-labeling of BrdU- and
Kisspeptin-positive cells of the ARC, we saw a number of dual-
labeled neurons (Fig. 5D, E). Upon quantiﬁcation, we determined
33.671.5% (n¼3) of Kisspeptin neurons are born on e11.5, two
days before we and others (Kumar et al., 2014) are able to detect
these neurons in the embryo (Fig. 5Q). Following this ﬁnding, we
went on to determine the number of Kisspeptin neurons differ-
entiating at e12.5. Interestingly, we visualized a number of double-
labeled BrdU and Kisspeptin neurons (Fig. 5I). Quantiﬁcation un-
covered that, in fact, 19.771.0% (n¼3) of Kisspeptin neurons dif-
ferentiated on e12.5 (Fig. 5Q), a very similar trend to what was
observed for NPY neurons.
To conﬁrm that Kisspeptin neurogenesis indeed appears to
follow a nearly identical pattern of birth to that of NPY neurons of
the ARC, we chose to look at e13.5. We hypothesized that Kis-
speptin neurogenesis may occur over a more broad time course
than NPY neurogenesis, potentially explaining our phenotype in
Rbpj cKO mice. However, we noticed that almost no Kisspeptin
neurons double-labeled with BrdU (Fig. 5L, M). Quantiﬁcation re-
vealed that a mere 1.570.8% of Kisspeptin neurons were born at
e13.5, again paralleling what was observed for NPY neurogenesis
in the ARC (Fig. 5Q). Since the timing of differentiation of NPY and
Kisspeptin neurons is not different, this lends further evidence
that Notch signaling is necessary in a speciﬁc subset of Pomc in-
termediate cells as well as other precursors for development of
Kisspeptin neurons of the ARC.) An identical injection paradigm was utilized to birthdate Kisspeptin neurogenesis
cted on p0. (B, F, J) BrdU expression patterns mimicked what was observed when
d more laterally and dorsally with respective to NPY neurons. (D, H, L) Similar to
erentiated at e11.5 (D) and e12.5 (H), and again nearly none differentiated by e13.5
(white arrowheads) when injected at e11.5 (E) and e12.5 (I), but again very few at
lack arrowheads). (Q) Quantiﬁcation revealed differentiation of Kisspeptin neurons,
200 for B–D, F–H, J–L, E, I, M¼800 . n¼3. Scale bar in L¼50 μm. M¼10 μm.
Fig. 6. Conditional loss of Rbpj-κ in Nkx2.1 positive cells reduces Kisspeptin ex-
pression in the ARC as late as p35. (A) NPY-positive neurons and ﬁbers extend
lateral to the 3V throughout the ARC in control mice. (B) In cKO mice, the 3V is still
absent in the ARC and NPY-positive neurons are scattered throughout the entire
region. (C) Kisspeptin-positive neurons also lie lateral to the 3V and appear to have
a similar rostrocaudal gradient as observed at p0. (D) cKO mice persistently exhibit
a loss of Kisspeptin neurons within the ARC as far out as 5 weeks of age. (E) TH-
positive neurons of the periventricular nucleus are present in the RP3V and extend
into the AVPV in control mice. (F) TH-positive neurons are also present within the
RP3V of Rbpj cKO mice and found throughout the deﬁned region. (G) Kisspeptin-
positive cell bodies and ﬁbers are found just lateral to the rostral 3V in the RP3V/
AVPV in control mice. (H) Similar to within the ARC, virtually no Kisspeptin-positive
cells or ﬁbers are found throughout the RP3V/AVPV. Image magniﬁcation¼100 .
n¼4. Scale bar in H¼50 μm.
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Kisspeptin signaling is essential for the onset of puberty and
reproductive function (Navarro et al., 2004; Han et al., 2005;
Clarkson and Herbison, 2006), so we next determined the presence
of Kisspeptin neurons within the ARC closer to the age of mature
reproductive function to determine if there was a persistent phe-
notype in the Rbpj cKO mice. Similar to observations embryonically
and at p0 (Fig. 1), we observed a persistent loss of HVZ progenitors
and collapse of the 3 V continuing as far out as p35. Due to this
observation, we ﬁrst visualized NPY neurons to both determine if
feeding circuit neurons similarly behaved the same as e18.5/p0 as
well as to identify the ARC in Rbpj cKO mice. In control mice, NPY
expression was robust and lateral to the 3 V (Fig. 6A). Rbpj cKO miceshowed NPY-positive neurons scattered throughout the entire ARC,
with no lateral restriction due to the loss of the 3 V (Fig. 6B). After
identifying the ARC in cKO mice, we next determined if Kisspeptin
neurons were present. Kisspeptin neurons and ﬁbers were easily
detected in control females, lying similarly lateral to the 3 V
(Fig. 6C). Interestingly, our ﬁndings in Rbpj cKO mice paralleled
observations made at p0. In slides adjacent to those used to identify
the ARC via NPY immunohistochemistry (Fig. 6B), we observed
virtually no Kisspeptin positive neurons or ﬁbers (Fig. 6D). These
results are interesting, as they further suggest the importance for
Notch signaling in the development of Kisspeptin neurons not only
during early neurogenesis, but also into adulthood.
3.5. Kisspeptin neurons of the RP3V/AVPV are also affected in cKO
mice
While it would appear that Notch signaling is important for
development of Kisspeptin neurons of the ARC, it is unclear if this
regulation is context speciﬁc within the ARC. Many groups have
shown that another population of Kisspeptin-positive neurons
exists clustered mainly in the rostral periventricular region of the
third ventricle (RP3V) and anteroventral periventricular nucleus
(AVPV) (Cravo et al., 2011; Knoll et al., 2013). Factors necessary for
the development of this population of Kisspeptin neurons are less
well known and it is unclear whether Notch signaling is playing a
role in development of this region. Previous studies have shown
that Nkx2.1 expression extends into the region of the presumptive
RP3V/AVPV (Salvatierra et al., 2014), making it likely that Notch
signaling is also disrupted in this region in the Rbpj cKO mice. It
would be interesting to determine if Kisspeptin neurons follow a
similar phenotype in the RP3V/AVPV as in the ARC, as it would
offer some support that all Kisspeptin neurons of the brain share
some common developmental homology. The location of the
RP3V/AVPV was conﬁrmed by observing the presence of tyrosine
hydroxylase (TH)-positive neurons, a commonly used marker of a
different subset of neurons within the periventricular nucleus
(Kauffman et al., 2007). In control mice, TH-positive cell bodies
appeared to hug the rostral 3V and extend through the region of
interest (Fig. 6E). Similar to ﬁndings within the ARC (Aujla et al.,
2013), TH-positive neurons and ﬁbers also appeared throughout
the extent of the RP3V/AVPV of Rbpj cKO mice (Fig. 6F). We de-
tected a number of Kisspeptin-positive cell bodies and ﬁbers
throughout the extent of the RP3V/AVPV in control mice (Fig. 6G).
Much to our surprise, we observed an identical phenotype to that
of the ARC in Rbpj cKO mice: we observed virtually no Kisspeptin-
positive cell bodies or ﬁbers in the RP3V/AVPV (Fig. 6H). These
ﬁndings suggest that active Notch signaling is necessary not only
for early Kisspeptin differentiation within the ARC, but is also re-
quired for formation of Kisspeptin neurons in the RP3V/AVPV.
3.6. Rbpj cKO mice are reproductively challenged and females dis-
play compromised cyclicity
Given that we observed a loss of Kiss1/Kisspeptin in both brain
regions of Rbpj cKO mice, we wanted to determine the re-
productive consequences of this phenotype. To this end, 6-week
old male and female Rbpj control or cKO mice were paired for one
week with age matched counterparts. Reproductive output was
determined by both the presence of a litter and the total number
of pups per litter. We observed that male mice were strikingly
subfertile when compared to control counterparts, with only one
Rbpj cKO mouse ever siring a litter (Fig. 7A). Female mice had an
even more severe phenotype, as Rbpj cKO females were rendered
completely infertile compared to their control littermates (Fig. 7A).
To ensure that Rbpj cKO mice were not simply reproductively
immature compared to control littermates, an identical mating
Fig. 7. Female and male Rbpj cKO mice face severe reproductive challenges. (A) Results of a single mating challenge of Rbpj control of cKO males and females with age-
matched CD-1 mice of proven reproductive success. Data are represented as a percentage of mice who successfully produced litters and average litter size has been reported.
1 Denotes the litter size of the single male Rbpj cKO who sired a litter. (B) Representative cyclicity of 3 Rbpj control (left) or cKO (right) females cycled for 14 consecutive days.
Note that Rbpj cKO females entered the proestrus/metestrus phase, but never fully reached estrus. n¼8–11 individuals.
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breeding study. These results were nearly identical to those re-
ported in Fig. 7A, with no Rbpj cKO males or female mice produ-
cing a litter. This phenomenon was not due to Rbpj cKO mice not
attempting to copulate, as cKO males consistently plugged females
and cKO females had detectable vaginal plugs after mating. We
further sought to determine if cKO female mice had a regular es-
trous cycle. We observed that Rbpj control mice regularly cycled
through estrus; however Rbpj cKO mice appeared to occasionally
enter the prosestrus/metestrus phase, but an abundance of cor-
niﬁed epithelial cells, indicating estrus, were not detected (Fig. 7B).
It is unclear which level of the hypothalamic-pituitary-gonadal
(HPG) axis is directly responsible for this reported compromised
estrous cyclity, but it would likely explain the complete infertility
observed in Rbpj cKO female mice.Fig. 8. Proposed model of neural differentiation of SOX2-positive neurons of the
HVZ. Previous studies have suggested that nearly all cell-types found within the
ARC arise from SOX2-positive progenitors of the HVZ. Many of these cells will
differentiate into a Pomc expressing immature progenitor cell (Pomc Prog.), and can
then further mature into at least 3 other neural subtypes. While a subset of Kiss1
neurons appear to arise from a Pomc lineage, a number may come from another
progenitor pool. There is the formal possibility that all Kisspeptin and NPY neurons
are derived from a Pomc expressing progenitor as well. Persistent Notch signaling
appears to completely block differentiation of each neural subtype, but Rbpjκ-de-
pendent Notch signaling appears necessary for development of Kisspeptin neurons.4. Discussion
Our studies provide evidence for the necessity of active Rbpj-κ
dependent Notch signaling for the development of Kisspeptin
neurons within the ARC. This is in contrast to previous work that
has shown that loss of Rbpj-κ leads to an increased number of
energy balance neurons, as well as a clear presence of other
neuronal subtypes (Aujla et al., 2013). We also have shown that
persistent Notch signaling leads to a reduction in the number of
Kisspeptin neurons within the ARC, suggesting that active Notch
signaling is not only blocking neural differentiation of HVZ pro-
genitors, but is also a critical component of the development of the
Kisspeptin system within the ARC. There appears to be no differ-
ence in the timing of neurogenesis for different neuronal subtypes
of the ARC, and it also appears that there is a great deal of
homology of development between each neuronal subpopulation.
Based on these observations, we propose that early Notch signal-
ing completely blocks neural differentiation of progenitors within
the HVZ. However, when progenitors escape the cell cycle and
begin maturing, subsequent Notch signaling is then necessary for
Kiss1 development and expression (Fig. 8). This ﬁnding is espe-
cially interesting, as it is clear that some, but not all, neural sub-
types within the hypothalamus arising from a common progenitor
rely on differential sets of signals to fully mature. This would lend
evidence to the argument that early fate choices are still rather
plastic and subject to dynamic change during critical windows of
development.
Neurons develop from early progenitors lining the ventricular
zone throughout the entire brain (Fishell et al., 1993). Early mar-
kers such as Nkx2.1, Lhx1, and Lhx9 within the presumptive hy-
pothalamus play critical roles in forming the borders that ulti-
mately become the speciﬁc nuclei of the anterior hypothalamus
(Shimogori et al., 2010). Lhx2 has also recently been shown to beexpressed within the HVZ of the presumptive ARC and has a great
deal of overlap with Nkx2.1 (Salvatierra et al., 2014). One of the
earliest deﬁning boundaries of the developing ARC is Pomc (Shi-
mogori et al., 2010), detectable as early as e10.5 (McNay et al.,
2006). We have shown that at least a subset of Kisspeptin ex-
pressing neurons of the ARC are indeed derived from a common
progenitor population of early expressing Pomc cells. Though it is
clear that a larger proportion of NPY neurons develop through this
progression, it is important to consider that Kisspeptin neurons of
the ARC are developmentally somewhat similar to POMC and NPY
(and presumably other neurons of the ARC). It is likely that early
differentiation events induce neurons to express Pomc, and sub-
sequent signals further instruct their differentiation to their re-
spective mature lineages, which may or may not include con-
tinued Pomc expression.
In this study we found that many, but not all, NPY or Kisspeptin
neurons appear to be derived from a Pomc expressing inter-
mediate progenitor. A number of likely scenarios may explain this
observed phenomenon. First, it is possible that the expression of
the tdTomato is not fully robust in all cell types of the brain. This
would lead to a subset of NPY- or Kisspeptin-expressing neurons
which did in fact arise from a Pomc expressing progenitor, but do
not label with the tdTomato protein. Another possibility is that cre
recombinase may not be fully penetrant in Pomc expressing cells;
however, it has been characterized to have high penetrance and
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report has performed similar lineage tracing experiments of Kis-
speptin expressing neurons of the ARC utilizing two different
Pomc-cre mouse strains (Pomc-cre(BAC1) (Balthasar et al., 2004) or
Pomc-cre(BAC2) (McHugh et al., 2007)) by means of a ﬂuorescent
ribosomal labeling of Pomc fated cells (Sanz et al., 2015). Inter-
estingly, their ﬁndings utilizing the identical Pomc-cre strain
(Pomc-cre(BAC1) (Balthasar et al., 2004) with a different reporter
technique suggest that approximately 27% of Kisspeptin neurons
arise from Pomc expressing progenitors. These data are compar-
able to our ﬁndings utilizing the tdTomato protein to label Pomc
cells and suggest that a proportion of Kisspeptin neurons are ei-
ther derived from another undeﬁned early intermediate sub-
population of cells or directly from Sox2 expressing progenitors of
the HVZ. However, using the Pomc-cre(BAC2) model, Sanz et al.
detect a much higher percentage of Kisspeptin neurons fated
through a Pomc lineage. Therefore, it is still possible that the
majority of mature Kisspeptin neurons are indeed derived from an
immature Pomc expressing intermediate.
Throughout the brain and within the hypothalamus, develop-
ment of each different cellular subtype occurs at very distinct,
well-deﬁned time points throughout neurogenesis (Altman and
Bayer, 1978, 1990). It has been long-known that development of
neurons of the hypothalamus occurs over a relatively narrow
window during gestation in the mouse and rat; however, the
techniques used, such as labeling with [3H] thymidine, do not al-
low for one to identify which speciﬁc neurons are being labeled.
Ishii and Bouret characterized the birth of leptin responsive neu-
rons within the ARC; however, these could be POMC, NPY or Kis-
speptin neurons (Korner et al., 2001; Balthasar et al., 2004; Smith
et al., 2006). We hypothesized that if there was a subtle delay in
neurogenesis between NPY and Kisspeptin neurons, the progenitor
pool within the HVZ could be depleted by the time Kisspeptin
neurons would be born in the Rbpj cKO mice. However, our data
would suggest otherwise: differentiation of NPY and Kisspeptin
neurons occur at nearly identical times. To our knowledge, this is
the ﬁrst study to birthdate Kisspeptin neurons in the ARC of the
mouse. Desroziers et al. performed similar BrdU birthdating of ARC
Kisspeptin neurons within the rat and report that neurogenesis
occurs over a more broad window, beginning at e12.5, peaking and
e15.5, and not completely ending by e17.5 (Desroziers et al., 2012).
While our studies have only explored the wave of neurogenesis
between e11.5 and e13.5, we ﬁnd it very interesting that a large
majority of Kisspeptin neurogenesis within the mouse occurs
within this narrower timeframe. This does not preclude the pos-
sibility of a second wave of Kisspeptin neurogenesis later in em-
bryonic development, however. Combining the lineage tracing
data and these observations, we propose that Notch signaling is
indeed playing two roles during neurogenesis: ﬁrst to maintain
progenitors within the HVZ, but also to induce differentiation of
Kisspeptin neurons.
As discussed previously, it would appear that distinct neuronal
subtypes of the ARC rely on speciﬁc factors to instruct their dif-
ferentiation towards the numerous lineages of neurons present. A
number of transcription factors, namely Mash1 and Ngn3, are cri-
tical in promoting neurogenesis and differentiation of both POMC
and NPY neurons (McNay et al., 2006; Pelling et al., 2011). To date,
very little data exists describing genes important in development
of ARC Kisspeptin neurons; however, we propose that Rbpj-κ may
be one candidate. Another potential factor which has been sug-
gested to play a role in Kisspeptin neuron number within the ARC
is the Bax gene (Semaan et al., 2010). Semaan et al. have shown
that Bax knockout mice possess signiﬁcantly more Kisspeptin
neurons, suggesting that apoptosis during embryonic develop-
ment and perinatally may play a role in the number of Kisspeptin
cells of the ARC. Interestingly, in other tissues of the body Baxexpression is regulated by Notch signaling (Ye et al., 2012). Given
that we have previously reported cell death via TUNEL staining in
the HVZ of Rbpj cKO mice (Aujla et al., 2013), it is entirely possible
that Bax expression is dysregulated, resulting in apoptosis of
speciﬁc progenitors giving rise to Kisspeptin neurons.
Another way Notch signaling may be regulating Kisspeptin
neuron fate could be direct control of Kiss1 transcription. A recent
study has revealed a critical ARC speciﬁc enhancer element up-
stream of the Kiss1 transcriptional start site (Goto et al., 2015).
Goto et al. deﬁne a subset of transcription factors that have pu-
tative binding sites on the Kiss1 enhancer; however, did not de-
scribe Notch signaling as a potential regulator. We performed
promoter and enhancer analysis of the Kiss1 gene, which revealed
a number of potential Rbpj-κ binding sites both within the prox-
imal promoter as well as the ARC-speciﬁc enhancer as deﬁned in
Goto et al. Within the context of C2C12 cells, Rbpj-κ frequently
bound to DNA and upon complexing with NICD/MAML regulated
gene expression at very distal sites from the transcriptional start
site in addition to sites in proximal promoters (Castel et al., 2013).
Taken together, one could postulate that Rbpj-κ may be acting in a
similar manner on the Kiss1 gene such that activation of Notch
signaling would induce gene expression, which may explain the
necessity for Notch signaling for Kisspeptin neurons of the ARC
and AVPV.
Not only do intrinsic signals of the developing hypothalamus
play a key role in pattern speciﬁcation and cellular fate choice
decisions, but external stimuli can inﬂuence development of tissue
as well. One source of such environmental signaling may come
from a pregnant mother's amniotic environment. It is becoming
increasingly clear that hormones such as leptin and insulin, which
activate ARC neurons in adulthood, may play a role in the neuronal
proﬁle that is set up during gestation. In vitro data by Desai et al.
have shown that high levels of leptin and insulin can prevent
differentiation of hypothalamic progenitor cells which may be
mediated by an increase in Notch signaling (Desai et al., 2011).
Given that we hypothesize that Notch signaling is necessary for
development of Kisspeptin neurons, inappropriate expression of
Notch signaling and downstream targets during critical windows
of development may be able to bias intermediate progenitors to-
wards a Kisspeptin fate. It is also possible that this bias may be at
the expense of neurons critical to balancing energy homeostasis.
These ﬁndings have major implications for human health, as many
obese mothers are typically hyperinsulinemic and hyperlepti-
nemic (Lesseur et al., 2014; Shapiro et al., 2015). Taken all together,
it is clear that the narrow window of neurogenesis may be nega-
tively impacted by the hormonal proﬁle of an obese mother and
that this dysregulation may be the result of an improper titration
of Notch signaling, in turn putting the fetus at higher risk of de-
veloping obesity or altered reproductive development and func-
tion later in life.
Kisspeptin neurons have become increasingly interesting
within the ﬁeld of reproductive biology. Undoubtedly, these neu-
rons play an important role in reproductive function, as global
knockouts of Kiss1 or loss of its receptor, Gpr54, lead to infertility
(Funes et al., 2003; Lapatto et al., 2007). Interestingly, while our
mice do not completely lack expression of these neurons, there is a
clear and obvious severe reduction in neuron number that persists
in both brain regions which house Kisspeptin-positive neurons.
There has been some dispute as to the importance of number of
Kisspeptin neurons on reproductive function, although it is clear
that even extraordinarily few neurons can result in normal (or
suboptimal) reproductive output (Popa et al., 2013). We report that
loss of Rbpj-κ within Nkx2.1 expressing cells results in near com-
plete infertility. Given their similar phenotype to a global Kiss1
knockout model, this further offers support for the importance of
Notch signaling in development of this neuronal subtype.
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